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T he study of the distribution of species, which has long been a central focus of ecology and biogeography, is taking on new urgency as evidence of the global biodiversity crisis mounts. The question of what geographical regions to protect in order to maintain the most biological diversity is central to the design of effective conservation programs. For a field of study with a lineage that includes Andrewartha and Birch's (1954) Distribution and Abundance of Animals 1 and Wallace's (1876) The Geographical Distribution of Animals 2 , the answer to this question would seem to be readily at hand. However, the question is proving challenging. Indeed, recent studies are revealing surprising patterns that challenge long-held biogeographical assumptions.
The term 'biodiversity hotspot' was coined by Norman Myers 3, 4 in the late 1980s in two papers that identified 18 geographical regions as conservation priorities because they contained large numbers of endemic species found in relatively small areas that were facing significant threats of habitat loss. It was reasoned that protecting hotspots, defined in this manner, should prevent the extinction of a larger number of species than would protecting areas of a similar size elsewhere. This definition of a hotspot continues to be used in many studies today 5, 6 . More generally, however, the term hotspot is now applied to a geographical area that ranks particularly high on one or more axes of species richness, levels of endemism, numbers of rare or threatened species, and intensity of threat.
The term biodiversity hotspot is now most commonly used with reference to regions of high species richness. For example, the GAP analysis program being carried out in the United States uses hotspots to identify gaps in the existing network of protected areas 7, 8 . This analysis begins by mapping hotspots of species richness, then determines which species are already well-conserved in existing protected areas, then maps the pattern of species richness for the remaining species, and, using various selection algorithms, chooses the minimum set of grid cells that encompass the unprotected species.
Alternatively, hotspots of species rarity or endemismregions rich in species with restricted distribution rangeshave been used to help set priorities for bird conservation 9, 10 .
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REVIEWS
Biodiversity hotspots Walter V. Reid Hotspots of biodiversity -areas particularly rich in species, rare species, threatened species, or some combination of these attributes -are increasingly being delineated to help set priorities for conservation. Only recently have we begun to test key assumptions that determine how useful a hotspot approach can be for conservation planning. The evidence suggests that although at large geographic scales hotspots do provide useful information for conservation planning, at smaller scales their value may be more limited.
For example, the International Council for Bird Preservation (ICBP), now known as BirdLife International, mapped the distribution of land bird species with range sizes less than 50 000 km 2 and subsequently identified 221 areas that contained at least two restricted-range species. These areas accounted for 95% of all restricted-range birds 9 .
Other studies have defined hotspots based on both species richness and endemism. Megadiversity countries, for example, are nations that either have extremely high species richness of plants and vertebrates (e.g. Brazil, Colombia and Indonesia) or are relatively less species rich but have extremely high levels of endemism (e.g. Madagascar and Australia) 11 . Finally, hotspots have also been defined as regions with the largest number of threatened species, independent of the overall species richness or endemism of the region 12, 13 .
Intensive research is currently focused on two aspects of the analysis of biodiversity hotspots that are key to its value for setting conservation priorities. First, because species distribution data for most taxa are limited or unavailable, the use of a hotspot approach in setting priorities rests on the assumption that patterns of diversity among relatively well-studied 'indicator' groups, such as birds, mammals and plants, are good predictors of patterns of diversity in lessstudied groups. Second, the research aims to determine the optimal method of analysis for using hotspot information in setting conservation priorities.
Overcoming data constraints
Do geographic regions that rank high on a scale of species richness, endemism or threat in well-known taxa also rank high for other taxa? At coarse-grained geographic scales, diversity patterns do correspond across taxa, as shown by the pattern of increased species richness at lower latitudes found in many taxonomic groups. Species richness of tiger beetles (Cicindelidae), for example, is positively correlated with measures of bird and butterfly diversity across North America, Australia and the Indian subcontinent 14 (Fig. 1) , although when the effect of latitude is removed the correlations are much weaker 15 . Similarly, correspondence of patterns of endemism across taxonomic groups would be expected at global or continental scales because of the common trend of species range size to decrease as one moves from higher to lower latitudes 16 .
At finer scales of resolution, however, the correspondence of patterns of species richness and endemism across taxonomic groups breaks down 17 . Little concordance is found among the most species-rich regions in the USA for mammals, birds, reptiles, amphibians, tiger beetles and trees 15 . Similarly, if the regions highest in species-richness (the top 5% of 10 km grid squares) in the UK are identified for five different taxonomic groups (butterflies, dragonflies, liverworts, aquatic plants and breeding birds), the maximum overlap of diversity hotspots between groups is only 34% (between butterflies and dragonflies) 18 . In South Africa, a similar approach examining overlap in richness and endemism hotspots among fish, frogs, tortoises, snakes, birds and mammals found substantial overlap for species richness hotspots between some groups (e.g. frogs and birds, 72%; frogs and mammals, 62%) but low overlap for many other combinations (e.g. tortoise diversity hotspots showed less than 10% overlap with other groups) 19 . For endemism hotspots, the maximum overlap was only 44% (between frogs and mammals), and for 12 out of 15 combinations of species the overlap was 25% or less ( Table 1 ).
If patterns of species richness and endemism do not correspond across taxa at finer scales of resolution, we would not expect hotspots of threatened or endangered species in different taxonomic groups to correspond either, which is indeed the case. For example, there is relatively little overlap among areas (counties) in the USA containing the highest numbers of federally listed endangered species in different taxa (molluscs, birds, fish, mammals, arthropods, herptiles) 13 (Fig. 2 ).
There is a good explanation for the weak correspondence between patterns of richness and endemism at fine scales of geographic resolution, and this explanation suggests that weaker correspondence would also be expected for more fine-grained taxonomic scales (e.g. genera as opposed to classes). Fine-scale geographic samples and fine-scale taxonomic groups are likely to contain species that share narrower habitat requirements; thus, areas of high richness or endemism for those samples are less likely to correspond across taxonomic groups. Amphibian diversity patterns are less likely to correspond to diversity in gymnosperms, for example, than vertebrate diversity patterns would be expected to correspond to vascular plant diversity. It is not surprising, therefore, that studies are showing that at fine scales of resolution hotspots of certain taxa do not reflect hotspots of other taxa. For indicator taxa to be useful in setting priorities, a careful balance needs to be struck between the geographic and taxonomic scale of resolution, and the type of conservation question being addressed.
Higher-taxon diversity as a surrogate for species diversity
Instead of relying on indicator taxa to reflect distribution patterns in lesserknown taxa, other studies have examined the potential value of other surrogate measures of species richness or endemism, including vegetation classes, land classes, environmental variables (e.g. precipitation and net primary productivity) and richness at higher taxonomic levels. A number of these surrogates have been shown to have useful predictive power, but higher taxon-diversity appears to be most closely correlated to patterns of species diversity 20 . Most of this research has focused on patterns of species richness.
At both coarse and fine geographic scales, richness of genera and families have proved to be relatively good predictors of species richness 21, 22 . For example, at a continental scale (using 611 000 km 2 grid cells), 99% of the variation in bird species richness in North America can be explained by genus richness, and 91% of variation by family richness 20 . Similarly, at a fine scale in 35 forest reserves ranging in size from 18-30 000 ha in Sri Lanka, 96% of woody-plant species richness can be explained by genus richness, and 86% of variation by family richness 22 .
Can higher-taxon richness patterns be combined to create even better surrogates for overall species diversity? The challenge here is to determine how best to weight numbers of genera or families in different taxa, because higher taxonomic groups may be defined in different ways, particularly where the taxa are distantly related. In one coarse-grained (global) study examining different methods for combining family richness in plants, reptiles, amphibians and mammals (absolute number of families; proportional family richness; and proportional family richness weighted for total species richness in each group), all three methods gave fairly similar results 23 . At other scales of analysis or using other taxonomic groups, however, the different methods would be expected to produce different patterns. Which method to use depends on the objective of the analysis and the availability of data (e.g. good estimates of total species richness might not be available for some taxa).
Patterns of higher taxon richness can therefore serve as surrogates for species richness. It remains to be seen whether this same correspondence holds for patterns of endemism. The utility of this surrogate measure for conservation planning hinges on the seemingly reasonable but untested assumption that if only a partial survey of a region has been undertaken, the cumulative list of higher taxa encountered will converge on the total number of taxa more rapidly than will the cumulative list of species.
Setting conservation priorities Setting global priorities
Biodiversity hotspot analysis was originally used to identify large regions, typically the size of an entire nation, that deserved conservation attention, such as Madagascar, Northern Borneo, or the Philippines. The 18 global hotspots defined by Norman Myers have since been used by the MacArthur Foundation to target its grantmaking. Organizations including the World Wide Fund for Nature-India and Conservation International also set priorities among countries or regions using Myers' rankings.
The studies discussed here provide reasonable support for the utility of hotspots that are defined by using species richness and endemism at a global or continental scale of analysis. At this coarse scale, patterns of richness and endemism tend to correspond reasonably well across taxa. By its nature, a continental or global hotspot analysis tends to identify regions with relatively small overlap in species composition -Madagascar is unlikely to share many species with Borneo, for example.
Using hotspots to guide conservation decisions
At more fine-grained geographic scales, which tend to be the scales at which conservation and development decisions are made, the application of hotspot analysis is more challenging 19, 24, 25 . To begin with, the poor correspondence between species hotspots in different taxa implies that priorities determined on the basis of either richness or endemism in a few taxonomic groups cannot be relied upon to capture similar patterns in other groups.
Just as important, the choice of method for defining a hotspot -whether it is based on richness, endemism, threat or a combination of these factors -significantly influences which regions or sites are identified as conservation priorities.
Site selection algorithms based on identifying hotspots of species richness tend to be the least efficient in maximizing the protection of species diversity. This is because hotspots of species richness do not often include relatively rare species -hotspots that are ranked highest for richness often contain overlapping sets of common species, while failing to capture rarer species. In the UK, 43% of rare bird species do not occur in the top 5% of species richness hotspots 18 . In South Africa, the top 5% of richness hotspots for fish only include 66% of the total diversity of fish species 19 . The failure of species richness hotspots to capture rare species is scale dependent. As the size of the sample unit increases, an increasing number of rare species will be found in richness hotspots because the sample unit will 'need' rare species to be unusually species rich. This has been suggested as one explanation for why nearly twice as many hotspots of bird species richness in Australia (defined using 100-km 2 grid cells) hold at least one rare bird species compared with hotspots in the UK (defined using 10-km 2 grid cells) 26 . Similarly, although endemism or rarity and species richness are only weakly correlated at national scales 27 , at a continental scale, patterns of richness and endemism coincide 28 .
A more efficient method for site selection relies on choosing hotspots of rarity or endemism -sites that are richest in species with the most restricted ranges 24 . Because sites that contain species with narrow distributions must be included in a protected area network in order to cover all species, the high priority that rarity-based algorithms give these sites tends to reduce the number of total sites needed.
A still more efficient mechanism for maximizing the number of species protected in a given land area is to use methods of complementarity, where the species content of existing reserves is identified and then further sites are selected in a stepwise fashion to add areas that contribute the greatest number of new species 24, 25, 29 . These selection algorithms are most efficient (i.e. capture all species in the smallest number of sites) when they begin with sites containing species found nowhere else (and, therefore, which often have relatively low species richness) rather than with the most species-rich locations.
Finally, the most efficient site selection is achieved using a maximal-covering-location model which uses integer linear programming methods to choose simultaneously the optimal set of sites 24, 30 . Such methods, however, are prohibitive for large datasets and also fail to provide information on the best sequence for adding new sites to an existing reserve network so as to provide the greatest marginal gain with each new site 31 .
Comparisons among site selection algorithms tend to be based on the algorithms' efficiency in capturing all species in a given region. Using this criterion of complete species coverage, hotspots of richness or endemism prove to be a less efficient means of setting conservation priorities than approaches using complementarity. However, in the real world of conservation decision-making, a more relevant question to ask often is: given the ability to protect only a small number of sites, what proportion of overall diversity is captured in priority areas that are identified on the basis of the various methodologies? Where the number of sites is limited, richness-based approaches perform relatively well 24 .
The utility of richness-or endemism-based hotspots for conservation decision-making can also be enhanced by combining hotspot analysis with an attempt to protect representative samples of ecosystems. The World Conservation Union, for example, has recommended a minimum conservation goal of protecting 10% of every biogeographic region. This objective helps to reduce the potential overlap in species composition if only a limited number of protected areas are to be established. For example, if we were to identify the top two hotspots of species richness in a region encompassing two biogeographic regions, both hotspots could fall within a single region and the overlap in species composition could be quite high. If, instead, the top hotspot in each region was selected -that is, representative samples of the ecosystems were chosen -then overlap in species lists would decrease, and the total number of species protected could increase. When only richness or endemism hotspots are used in the analysis, protection of representative samples using this method helps to increase the complementarity of site selection. World Wildlife Fund-USA, for example, recently identified 232 conservation priorities by first stratifying data into major habitat types and biogeographic realms and then examining species richness and endemism (and other factors) to identify relatively rich ecoregions within each group 32 .
No matter which approach to priority setting is used, however, if the areas conserved capture the diversity of the indicator taxa only and not that of the more poorly-known taxa, then the use of the method for conserving biodiversity is questionable. Recent studies, demonstrating the failure of hotspots of richness and endemism to correspond across different taxa, seem to undermine the utility of hotspots in priority setting. However, on closer examination the message of these studies is not so bleak: these same studies lend support to the hypothesis that a set of areas in which one major taxon is well represented can also represent diversity in unrelated taxa.
For example, in the UK, a recent study found that the greatest overlap in hotspots among five taxonomic groups was only 34%. However, if it were possible to protect every hotspot designated for birds (that is, the top 5% of grid cells with the most species of birds), then 87% of birds, 100% of butterfly species and over 90% of dragonflies, liverworts and aquatic plants would be encompassed 18 . Similarly, it appears that a set of areas in Oregon, USA, which completely represents one major taxon does a good job of representing diversity in others 24 . This result is not surprising. Any site selection approach, whether it is based on richness, rarity or complementarity, that captures most of the diversity in one taxon is likely to include a diversity of habitats and, therefore, capture a substantial amount of the diversity of other taxa as well. This is the case even if the areas of high richness or endemism do not correspond.
How hot are hotspots?
One of the most important lessons that we are learning from the study of diversity hotspots is that the extent of the biodiversity crisis is often highly localized. Although hotspots do not always correspond across taxa, a substantial fraction of species diversity can be found in very small regions and most threatened species can be found in smaller regions still. Rarity hotspots covering just 5% of the UK represent 98% of British species of breeding birds 25 . Richness hotspots in the UK covering a similar area encompass 91% of butterflies, 92% of dragonflies, 95% of liverworts, 96% of aquatic plants and 87% of breeding birds 18 . Within the coterminous US, more than 50% of endangered species of plants, birds, fish and molluscs are found in less than 2% of the land area 13 . This is not to say that these hotspots are sufficiently large to maintain viable populations of all the species found in them, but it does re-affirm the emphasis that conservation strategies place on protected areas: significant species diversity can be encompassed in relatively small fractions of the landscape.
Hotspot analysis is one of a set of different tools now available to help set priorities for conservation planning. Different methods of analysis of hotspot information have different strengths depending on the conservation goal being pursued 33 and the availability of data. For example, the analytic method chosen to maximize the number of surviving species would not be the best approach for maximizing the genetic or taxonomic diversity of surviving species 34 or maintaining critical ecosystem functions. Although the utility of a hotspot approach to setting conservation priorities is probably greatest at relatively coarse spatial scales, a hotspot analysis can be useful at finer scales, particularly if used in combination with other analytical methods.
Extra-pair paternity in birds: 'good-genes' and something else
In a recent TREE article, Petri and Kempenaers 1 reviewed determinants and variation of extra-pair paternity (EPP) in birds, emphasizing the 'good-genes' hypothesis: females paired to relatively 'poor-quality' males will seek extra-pair copulations (EPCs) from males of better quality to improve the fitness of some of their offspring 1 . This is a widely accepted hypothesis for EPP in birds and assumes a genetic basis for ranking quality traits and related fitness (good genes). If the task of females is to select the highest ranking male possible, they should not seek EPP when their social mate is a 'good-quality' mate.
However, increasing evidence indicates that females often do so 2,3 , which suggests that (according to this hypothesis) they can still discriminate some differences. This is unlikely because the amount of phenotypic variability resulting from gene-environment covariance and interaction is not negligible 4, 5 and should mask small genetic differences. In addition, male quality is often not correlated with their ability to obtain extra-pair fertilizations 2 and males bearing relatively large ornaments can be cuckolded 3 . The authors also attributed low proportions of EPP in bottleneck populations to the 'good genes' hypothesis because the proportion of EPP and the amount of variation in male quality are correlated. However, there are alternative explanations for this association if reduced heterozygosity is directly responsible for lower reproductive performance 6 .
In the 'heterozygosity' theory 7 , the explanation for sexual selection and EPP is not so much in 'better' genes as in greater heterozygosity. This theory has generated new insights into the study of EPP and explains a wider range of situations in which female birds obtain EPP. By masking lethal and sublethal genes, heterozygosity enhances the expression of genes related to fitness (which determine the extreme expression of sexually selected male traits 7 ). Therefore, females should seek EPCs with other 'good-quality' (heterozygous) males to improve the genetic diversification (quality) of some of their offspring 7 . Also, unlike the 'good-genes' hypothesis, the 'best' male for one female might not be the 'best' for another if there are fertility costs to mating, such as high genetic similarity 1 , reduced male fertility 1, 6 or genetic incompatibility 8, 9 . By seeking EPCs with other high-quality (heterozygous) males, therefore, females obtain an extra benefit assuring, or enhancing, the fertilization of the clutch. Petri and Kempenaers 1 did not pay much attention to the fertility costs associated with mating in spite of the increased interest in this topic in multiple mating strategies 9 . They are right to argue that there is a lack of evidence for birds; however, this may be because little effort has been made in this direction.
Future research should include not only observational and comparative studies 1 , but also analyses of genetic correlates of quality and costs of mating with proportions of EPP. This can be tested using the major histocompatibility complex (MHC) 8, 10 . If the presence of MHC haplotypes predict genetic costs or assortative mating 8,10 , we could test hypotheses for mating decisions and try to understand the variation of EPP in bird populations from an integrated perspective.
Reply from M. Petrie and B. Kempenaers
In his comment on our review, Cordero claims that we put too much emphasis on the 'good genes' hypothesis to explain variation in extra-pair paternity in birds. He suggests that alternative hypotheses, based on heterozygosity and infertility, should also be considered and that some of the data may be better explained by these alternatives.
Cordero states that 'there is increasing evidence that females mated to high quality males
